We describe a method for the efficient genotyping of SNPs, involving sequencing of ordered and catenated sequence-tagged sites (OCS). In OCS, short genomic segments, each containing an SNP, are amplified by PCR using primers that carry specially designed extra nucleotides at their 5′-ends. Amplification products are then combined and converted to a concatamer in a defined order by a second round of thermal cycling. The concatenation takes place because the 5′-ends of each amplicon are designed to be complementary to the ends of the presumptive neighboring amplicons. The primer sequences for OCS are chosen using newly developed dedicated software, OCS Optimizer. Using sets of SNPs, we show that at least 10 STSs can be concatenated in a predefined order and all SNPs in the STSs are accurately genotyped by one two-way sequencing reaction.
INTRODUCTION
The genome project has been greatly facilitated by the advent of PCR. With the progress of the Human Genome Project, high quality determination of the nucleotide sequence of the whole reference genome is approaching completion and much effort is now directed towards a thorough characterization of human genome diversity in depth (among many individuals) and at density (at many loci) (1) (2) (3) (4) . A particular focus concerns single nucleotide polymorphisms (SNPs), which occur at 8 × 10 -4 per nucleotide on average in the human genome (5) . This abundance, together with their potential as functional variants, has aroused much interest in the identification of SNPs both as pharmacogenomic indicators and as markers in the genome-wide search for the genes responsible for complex diseases or polygenic traits (6) . These studies require the genotyping of many SNPs in many individuals (7) (8) (9) , and efficient genotyping techniques based on various principles have been proposed (10) . However, many of them demand new dedicated instruments and the cost of the initial investment is staggeringly high for many laboratories of medium to small scale, not to mention the running costs.
The method of SNP detection with the highest specificity and selectivity is still direct sequencing of PCR products (11) , as is apparent from the fact that the validity of almost all new techniques is judged by their concordance or discordance with the results of direct sequencing (10) . The advantage of direct sequencing, besides its ease and accessibility for many researchers, is that the information obtained by sequencing is highly redundant. Nucleotide sequences verify unambiguously that the amplified segments are derived from the targeted loci in the genome and are not the products of fortuitous amplifications. Evaluation of the presence or absence of SNPs is supported by the quality of the base calls of the surrounding nucleotides (12) (13) (14) . The disadvantage of this method is that the critical information in the whole nucleotide sequence is disproportionately small. Using standard kits for sequencing, some 500-1000 nt can be read, but only one is the critical nucleotide under investigation. Therefore, the cost-effectiveness of the method is inevitably low.
We describe here a PCR-based serially multiplexed amplification method by which the throughput of SNP genotyping using direct sequencing is increased at least 10-fold and which has potential utility for small or medium scale genotyping. The method does not require dedicated hardware for sample preparation or detection and only two primers per SNP are used. The technique takes advantage of the sophistication of sequencing technology and the genotypes are objectively determined using the available software for sequence interpretation.
MATERIALS AND METHODS

Principle
The basic idea of sequencing of ordered and catenated sequence-tagged sites (OCS) is illustrated in Figure 1 . The primers used in OCS consist of two subsegments, catenation arms and amplification arms, aligned in 5′→3′ order. A pair of amplification arms (e.g. a-b and d′-c′ of the top amplicon in Fig. 1B ) is designed to bracket a small genomic region of ≥3 nt that contains a SNP. The region defined by the amplification arm pair is called the micro-STS. The sequences of the catenation arms are designed so that they are complementary to the 5′ subsegments of the amplification arms of the prospective neighboring amplicons (e.g. e′ of the top amplicon versus e of the middle amplicon). Conversely, the 5′-halves of the amplification arms are complementary to the catenation arms of the primers for the prospective neighboring amplicons (e.g. d of the middle amplicon versus d′ of the top amplicon).
*To whom correspondence should be addressed. Tel: +81 92 642 6170; Fax: +81 92 632 2375; Email: khayashi@gen.kyushu-u.ac.jp After PCR using these primers, the products are combined and subjected to the second round of thermal cycling. Since each amplicon carries 3′ sequences that can prime chain elongation using the prospective neighboring micro-STSs as templates (d-e in the top amplicon versus e′-d′ of the middle amplicon), the cycling reaction ultimately results in the production of a concatamer that carries all the micro-STSs connected end-to-end in a predefined order. The full-length concatamer is specifically amplified, because the two terminal primers are present in excess amount. The product is then sequenced to determine the genotypes of all the SNPs contained within it.
Selection of amplification arms for defining micro-STSs
STSs having only one SNP were collected from a public database (http://www.ncbi.nlm.nih.gov/SNP/) (15) and sequences for the amplification arms were defined using the software Primer3 (16) . Parameters of the software were chosen to produce the shortest possible micro-STSs, as follows.
A minimum of 3 nt surrounding an SNP were chosen as the core target of amplification. The initial primer size was set to 12, 16 or 20 nt and a deviation of -2 to +5 nt for the primer size was permitted, with a penalty of 1 per nt. The minimum and optimum product size was set to 3 nt longer than the sum of twice the initial primer size. The maximum value of the product size was taken as the minimum product size plus 10, with a penalty of 0.05 per nt, to minimize the size of the micro-STS. If Primer3 could not find appropriate primers, the maximum value of the product size was increased until primers were found. The optimum primer T m was set at three times the initial primer size (17), but T m values deviating from this setting by 5°C were allowed, with a penalty of 1 per degree. Maximum self complementarity was set to the integer closest to 0.4 times the primer size. In general, primer pairs with the least penalties were stored to make an input file for OCS Optimizer, which is detailed below.
Selection of catenation arm sequences by OCS Optimizer
The success of the ordered catenation of micro-STSs depends on the strict exclusion of fortuitous annealing during the catenation reaction. Because the complexity of a group of micro-STSs is small, all unwanted annealing of end sequences of the micro-STSs can be detected and avoided. In addition, a stringent catenation reaction can be achieved by minimizing T m differences among the intended amplicon overlaps. OCS Optimizer, written in C, selects the optimum order of a given set of micro-STSs and defines the catenation arm sequences by considering all possible orders of the micro-STSs and all permitted lengths and positions of the catenation arms. The output file of OCS Optimizer contains the sequences of the catenation and amplification arms of the primers for a given set of micro-STSs and the recommended annealing temperatures of the catenation reactions. Details of the OCS Optimizer algorithm can be found at http://www.gen.kyushu-u.ac.jp/ genome/ocs/manual.html.
Amplification, catenation and sequencing
Genomic DNA samples were taken from four anonymous individuals of Japanese origin. Oligonucleotides were purchased from Amersham Pharmacia Biotech (Tokyo, Japan). Primer sequences were designed as described above, except for the two presumptive external primers, each of which carried an M13 forward or reverse primer sequence in place of their catenation arms (Table 1) . Amplification was performed in a 10 µl reaction mixture containing 0.1 U KOD-plus DNA polymerase (Toyobo, Osaka, Japan) (18), 1 µl 10× KOD-plus buffer, 1.0-1.25 mM MgSO 4 , 0.2 mM deoxyribonucleotide 5′-triphosphates (dNTPs), 0.2 µM each primer pair and 100 ng genomic DNA. The cycling conditions (35 cycles) in a T3 Thermocycler (Biometra, Gottingen, Germany) were denaturation at 94°C for 30 s and annealing/extension at the annealing temperature for 5 s. Cycling was preceded by an initial denaturation at 94°C for 1 min, followed by a final incubation at 72°C for 3 min. The annealing/extension temperature was optimized starting from the T m of the amplification arms (19) and moving by 2-5°C steps in either direction. Amplification of the micro-STSs was monitored by agarose gel electrophoresis and ethidium bromide staining. The amplification products were combined in one tube (100 µl for 10 micro-STSs) and treated with 2 U exonuclease I (Epicentre, Madison, WI) at 37°C for 30 min to degrade unused primers. This was followed by inactivation of the enzyme at 80°C for 15 min. An aliquot of 2.5-5.0 µl of the mixture was used for the concatenation reaction, which was carried out in 10 µl of the same buffer as used in the amplification reaction, with 0.2 µM each M13 forward (5′-GTAAAACGA-CGGCCAGT-3′) and reverse (5′-GGAAACAGCTATGACC-ATG-3′) primers. The cycling conditions were 35 cycles of Table 1 . Sequences of OCS primers denaturation at 94°C for 30 s, annealing at a temperature specified below for 10 s and extension at 72°C for 30 s. The annealing temperature was set to the T m of the catenation arms, which was calculated by OCS Optimizer, i.e. three times the initial length of the micro-STS overlap. The first denaturation and the last extension steps were at 94°C for 1 min and at 72°C for 3 min, respectively. The amplified concatamer was confirmed by agarose gel electrophoresis and ethidium bromide staining.
The concatenation reaction mixture was cleaned by spin dialysis using Microcon 100 (Millipore, Bedford, MA) to eliminate remaining primers and nucleotides. Cycle sequencing reactions were carried out using an ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Biosystems, Foster City, CA) with the T 10 M 10 forward (5′-TTTTTTTTTTGTAAAACGAC-3′) or reverse primer (5′-TTTTTTTTTTGGAAACAGCT-3′) to read the sequences from both ends. The thermal cycling profile included an initial denaturation at 96°C for 1 min, followed by 25 cycles of 96°C for 10 s, 40°C for 5 s and 60°C for 2.5 min. The mixture was desalted by gel filtration through Sephadex G-50 Superfine (Amersham Pharmacia Biotech) using MultiScreen 96-well filtration plates (Millipore) (http://www.millipore.com/ analytical/publications.nsf/docs/TN053) and applied to an ABI 310 DNA Sequencer (PE Biosystems). Bases were called by ABI Prism DNA Sequencing Software v.3.0 or by Phred/Phrap (12,13), followed by PolyPhred (14) interpretation with the use of Consed (20) .
RESULTS
Selection of micro-STSs and catenation arms
The SNPs used here were those originally collected by Wang et al. (15) . The allele frequencies of some of them had been determined by us (21) . In this study we chose SNPs with high heterozygosity in the examined population (Japanese), so that different genotypes could be found even among a small number of individuals. Some SNPs were avoided because another SNP was located in close proximity. We then subjected these SNPs to Primer3 analysis using the parameters described in the previous section to design annealing arms of initial lengths 12, 16 and 20 nt. Primers with appropriate sequences could be found in 100% (20 of 20), 96% (55 of 57) and 100% (40 of 40) of cases, respectively. The micro-STSs thus defined ranged from 27 to 88 bp and 82% of them were <60 bp (Table 1) .
We then arbitrarily selected 40, 40 and 20 micro-STSs with initial annealing arm lengths of 20, 16 and 12 nt, respectively. These were then divided into groups, each of which consisted of 10 micro-STSs. Sequences of catenation arms were chosen by exhaustive optimization as described in Materials and Methods (Table 1) .
Micro-STS amplification and concatenation by PCR
The annealing temperature in the micro-STS amplification was empirically determined for each micro-STS as described in Materials and Methods. These temperatures were 43-55°C, 43-48°C and 36-48°C for initial arm lengths of 20, 16 and 12 nt, respectively (see Materials and Methods for the definition of initial arm length). Micro-STSs were successfully amplified from genomic DNA as single bands with a 100% success rate, using initial amplification arm lengths of 16 and 20 nt. We found that 80% of amplifications were successful using primers with an initial arm length of 12 nt. We also consistently observed that 20-50% of the input primers were incorporated into the products in the PCR amplifications of the micro-STSs. The high success rate of amplification in spite of the shortness of the primer and somewhat efficient usage of the primers can be attributed to the preference of the PCR for short amplicons (22) . Figure 2 shows concatemer formation under various conditions. In the second thermal cyclings end primers (M13 forward and reverse) were included in molar excess, so that the full-length concatamer was selectively amplified by PCR once it was formed. As shown in Figure 2A , sufficient amplification products could be obtained by 30-35 cycles.
The concentration of micro-STSs seems to be an important factor for efficient concatenation (Fig. 2B) . However, because the amplicons are small, PCR amplification of the micro-STSs is efficient, as described above, and sufficient substrate can be included in the catenation reaction (see Materials and Methods) without any adjustment to the concentration of the PCR products.
We anticipated that the terminal transferase activity of some DNA polymerases may hinder concatenation, because the amplicons with extra nucleotides at their 3′-ends cannot participate in the concatenation reaction. We found that KOD-plus DNA polymerase, which possesses negligible terminal transferase activity, gave better results than Taq DNA polymerase, which has effective terminal transferase activity (23), although the difference was marginal (Fig. 2B) .
We tested various lengths of catenation arms in the concatenation reaction and found that concatamers of 10 micro-STSs were successfully produced with catenation arm pairs (overlap lengths in the catenation reaction) of 10 bp. We also found that the quality of the sequence trace data of the concatamer using 10 bp catenation arm pairs was superior to that obtained using 20 bp (data not shown). This may indicate that the shorter primers tend to be of higher quality, although we did not directly assess the quality of the primers.
Accuracy of SNP detection
Typical examples of the sequencing of concatamers using the M13 primers and genomic DNA from four individuals as templates are shown in Figure 3 , together with the PolyPhred interpretations. As is evident from the figure, polymorphic sites were identified by the PolyPhred analysis at the expected nucleotides and the micro-STS sequences, including the segments between the amplification arms, were confirmed.
Essentially the same results were obtained for all concatamers examined. We observed a gradual decrease in the quality of the trace data at lengths of ≥300 nt. This accumulation of noise may be ascribed to the poor quality of the primers or to imperfect concatenation. Sequencing from primers at opposite ends of the concatamer solved these problems (data available at http:// www.gen.kyushu-u.ac.jp/~genome/ocs/alignment.html).
We next assessed the accuracy of genotype calling with OCS sequencing. The correct genotypes of all SNPs examined here were determined by PolyPhred and visual inspection of the sequence traces of the PCR products of the original STSs and concordance or discordance of these genotypes with the OCS results was then scored. When the trace data were interpreted by PolyPhred alone, the overall concordance rate was 92% (403 of 440 genotypes). However, visual inspection of the data revealed that all apparent discordant genotypes, except one SNP, were misinterpretations by the software.
Most misinterpretations were found in two target SNPs. In these cases, all four individuals were heterozygous, but PolyPhred did not recognize the second base, although the nucleotides were tagged as polymorphic. In another case with an initial amplification arm length of 12 nt, the discrepancy was found in a SNP in a concatamer made from the shortest micro-STSs. A BLAST search for the sequence of the discrepant micro-STS in the human genome draft sequence (http://www.ensembl.org/) indicated that the amplification product was probably a mixture of paralogous sequences, while those of the corresponding longer micro-STSs (those with initial amplification arm lengths of 16 and 20 nt) represented a unique original sequence.
Excluding these SNPs, 87% (89 of 102) of the heterozygotes were detected by PolyPhred alone, which is close to the reported detection rate of the software (14) . The accuracy of genotyping by sequencing the concatamers of micro-STSs of unique origin was 100% if the data were interpreted both by PolyPhred and by visual inspection.
DISCUSSION
Concatenation of amplicons can be achieved by attaching specific cohesive tails to each of the PCR primers (24, 25) . Choosing the sequences of the cohesive tails within the prospective neighboring primers, as shown here, has the advantage of minimizing the sizes of the primers. The success of concatenation of micro-STSs in a predefined order depends heavily on the proper choice of the sequences of the catenation arms. This is a tractable approach, because the combined sequence complexity of the group of micro-STSs to be concatenated is low and specific annealing pairs of catenation arms can be designed, although extensive in silico optimization of the arm sequences is required. The OCS Optimizer software described here effectively selected catenation orders and overlap sequences within a reasonable computation time. The primers thus obtained were efficient in amplifying the micro-STSs and in concatenation of the amplification products, as demonstrated by the high success rate of SNP genotyping.
Concatenation is essentially the process of dimerization of subsegments at each stage of the reaction and it proceeds at the expense of the subsegments, although various intermediate stages are involved in the actual process. Furthermore, primers (ends of neighboring subsegments) and templates (subsegments themselves) are at the same or similar concentrations. Therefore, priming is always in competition with kinetically favored selfannealing, which occurs more readily between longer complementary sequences than between catenation arms and can start from multiple potential nucleation sites. Thus, concatenation is intrinsically a slow process, at least in the early stages. However, the full-length concatamer of authentic order can be selectively amplified by PCR using primers at both ends to produce an amount visible on agarose.
In the method shown here, significant effort was expended on optimizing the micro-STS amplifications. In our experience the quality of sequence data depends on clean amplification of the micro-STSs. In this context, amplification of paralogous regions of similar sizes can be the source of incorrect SNP identification, and this indeed happened in the case of short micro-STSs with short amplification arms (i.e. 12 nt as the initial length of the amplification arms). However, amplification of a paralog is avoidable because a BLAST search of the already available human genome draft sequence can easily predict the presence of paralogs.
We have demonstrated that specific amplification of microSTSs can be achieved at a high success rate, even with annealing arms of 12 nt in length. This is contrary to the general belief that PCR primers should be sufficiently long to obviate the chance amplification of any genomic sequence other than the target sequence. Obviously, the small size of the micro-STSs has contributed to the success of specific amplification, and we further suggest that amplification and ordered catenation of micro-STSs is achievable using primers with average lengths of <20 nt, which is the length commonly adopted in PCR reactions.
The concatemer contains equimolar amounts of micro-STSs. Therefore, the technique should also be useful in producing, for instance, probes for hybridization-based genotyping of SNPs (26) . The latter technique often encounters the technical difficulty of producing uneven signal intensities among the SNPs, because the concentration of probes prepared in the conventional manner is highly variable.
AVAILABILITY
OCS Optimizer was developed in a Linux environment. Information on the availability of the software can be obtained from the web site (http://www.gen.kyushu-u.ac.jp/~genome/ ocs.html).
